Transcription factor (TF) recruitment to chromatin is central to activation of transcription. TF-chromatin interactions are highly dynamic, which are evaluated by recovery half time (t 1/2 ) in seconds, determined by fluorescence recovery experiments in living cells, and chromatin immunoprecipitation (ChIP) analysis, measured in minutes. These two states are related: the larger the t 1/2, the longer the ChIP occupancy resulting in increased transcription. Here we present data showing that this relationship does not always hold. We found that histone deacetylase inhibitors (HDACis) significantly increased t 1/2 of green fluorescent protein (GFP) fused androgen receptor (AR) on a tandem array of positive hormone response elements (HREs) in chromatin. This resulted in increased ChIP signal of GFP-AR. Unexpectedly, however, transcription was inhibited. In contrast, the GFP-fused glucocorticoid receptor (GR), acting through the same HREs, displayed a profile consistent with current models. We provide evidence that these differences are mediated, at least in part, by HDACs. Our results provide insight into TF action in living cells and show that very closely related TFs may trigger significantly divergent outcomes at the same REs.
Transcription is modulated by changes in the activity of transcription factors (TFs), 4 which then steer general transcription machinery and the RNA polymerases. At the basis of these changes is the recruitment of TFs to regulatory elements (REs) that can be close to or far away from target genes. It is now well established that all aspects of transcription, from binding of TFs to activity of RNA polymerases, are very dynamic processes (1) .
One level of dynamism for TF action is that observed in chromatin immunoprecipitation (ChIP) experiments where association of the TF with chromatin may cycle with a half-life measured in 10 s of minutes. For example, the estrogen receptor binding to its response element at the pS2 promoter is cyclical, which coincides with changes occurring at the chromatin template and cofactor interactions (2) . The second level of dynamism has been studied by fluorescence recovery after photobleaching (FRAP) experiments in single cells that contain tandem gene arrays (e.g. (3) (4) (5) ) or by the use of natural gene arrays found in some cell types (e.g. (6) ). These studies enabled the calculation of binding kinetics of the green fluorescent protein (GFP)-labeled androgen receptor (GFP-AR) and glucocorticoid receptor (GFP-GR) to their target sites in living cells with a recovery half-time (t 1/2 ) of ϳ5 s (4, 7) . Dynamic receptor cycling was strongly ligand dependent where agonists rendered the receptor significantly less mobile compared with antagonists, which demonstrated a direct positive link between recovery time on the promoter and transcriptional outcome (7) . This is consistent with the general mode of TF action: larger the t 1/2 , the more stably bound the TF (as observed in ChIP), and the stronger the transcriptional activation (e.g. Refs. 8 and 9; for a review, see Ref. 1) .
While studying the dynamic interactions of the GFP-AR with the mouse mammary tumor virus (MMTV) promoter, we found that histone deacetylase inhibitors (HDACis) trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA) dramatically increased t 1/2 for GFP-AR binding to hormone response elements (HREs). This increase, measured in single living cells, resulted in a significant increase in the ChIP signals observed at the MMTV HREs. Surprisingly, increase in GFP-AR binding to MMTV HREs gave rise to inhibition of transcription instead of transcriptional activation, which challenges current models. This was not due to the tandem repeat nature of the gene target as HREs in some endogenous single copy AR/GR target genes displayed the same phenomenon. Interestingly, and in stark contrast to GFP-AR, the extent of GFP-GR binding to the same HREs positively correlated with the transcriptional outcome. We show that these differences may be due, at least in part, to the differential roles of HDAC1 and HDAC2 in serving as cofactors for the GFP-AR and GFP-GR.
Experimental Procedures
Chemicals-Methyltrienolone (R1881) was purchased from Dupont-NEN, hydroxyflutamide (OHF) was purchased from Schering-Plough Research Institute, Kenilworth, NJ, and dexamethasone (DEX) was purchased from Sigma. Ligands were dissolved in 100% ethanol and used at the following working concentrations: R1881 (10 nM), DEX (100 nM), or OHF (1 M). Trichostatin A (TSA) was purchased from Sigma, dissolved in 100% ethanol and used at a final concentration of 10 -100 nM as indicated. Suberoylanilide hydroxamic acid (SAHA) was purchased from Alexis Biochemicals, dissolved in DMSO and used at a final concentration of 5 M.
Plasmids and Cell Lines-Reporter plasmid MMTV-Luc (10), GFP-AR (7) , and GFP-GR (11) expression plasmids were described previously. The expression plasmids for HDAC1 and HDAC2 were kind gifts from Dr. Yi Qiu (University of Florida). Cell lines 3108 and 3617 are stable derivatives of murine mammary adenocarcinoma cell line 3134 (11) . The 3134 cell line contains a tandem array (ϳ200 copies) of a bovine papillomavirus-mouse mammary tumor virus (MMTV)-long terminal repeat (LTR)-ras fusion gene. Derivative cell lines express a green fluorescent protein (GFP)-tagged version of AR (GFP-AR expressed in 3108 cells) or GR (GFP-GR expressed in 3617 cells) from a chromosomal locus under the control of the tetracycline-repressible promoter. Both cell lines were described previously (4, 7) . The cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal-bovine serum (FBS), 2 mM L-glutamine, 5 mg/ml penicillin/streptomycin (Life Technologies, Inc.), and 10 g/ml tetracycline (Sigma) at 37°C in 5% CO 2 in a humidified incubator. Prior to the treatments, the cells were grown in the absence of tetracycline for 2 days to induce expression of the fusion protein in DMEM supplemented with 10% charcoal-stripped serum. The African green monkey kidney cell line COS-7, obtained from American Type Culture Collection (Rockville, MD), was grown similar to the cell lines described above.
RNA FISH and Immunofluorescence Analysis-The cells were grown on cover slips placed in 6-well culture plates. 18 h before hormone induction, cells were left untreated or treated with either 100 nM TSA or 5 M SAHA and AR and GR ligands R1881 or DEX, respectively, were added to either pre-treated or untreated cells. Cells were further fixed with 3% paraformaldehyde and processed for immunofluorescence microscopy combined with RNA fluorescence in situ hybridization (FISH) to detect the MMTV-Ras transcript as described previously (12) . The fusion proteins were detected by using a polyclonal anti-GFP antibody (Invitrogen) and anti-rabbit Alexa 488 secondary antibody (Invitrogen). Images were acquired on an Olympus FluoView 1000 upright confocal laser scanning microscope with a PlanApo 60X 1.4 NA oil immersion objective (Olympus, Hamburg, Germany). The RNA FISH signals were quantified using Olympus FV10-ASW 1.7b software after subtraction of the background nuclear fluorescence as previously described (12) . The integrated total RNA FISH intensity was calculated for each condition and normalized to the levels in untreated cells to obtain relative RNA FISH intensity. Representative images were processed with ImageJ (National Institutes of Health).
Fluorescence Recovery after Photobleaching (FRAP)-Cells were grown in MatTek plates for live cell imaging (Nunc) and treated with ligands for the desired time periods. FRAP analysis was carried out on an Olympus FluoView 1000 confocal laser scanning microscope, with an incubator maintained at 37°C, and images were captured with a 60ϫ/1.4-numerical aperture oil immersion objective and argon laser. Five single prebleach images were acquired followed by a brief bleach pulse of 100 ms using 405-nm laser line at 100% laser power (laser output, 50%) without attenuation. Single optical sections were acquired at 500 msec intervals by using 488-nm laser line with laser power attenuated to 3%. Fluorescence intensities in the regions of interest were analyzed, and FRAP recovery curves were generated using Olympus FV10-ASW 1.7b software and Microsoft Excel as previously described (13) . All of the quantitative data for FRAP recovery kinetics represent means Ϯ S.E. from at least 25 cells imaged in three independent experiments. Time for half-maximum recovery (t 1/2 ) was calculated as the time to reach 50% of fluorescence intensity at the end of FRAP experiment (80 s), and represent means Ϯ S.E.
siRNA-mediated Knockdown-The cells were seeded in 6-well culture plates at 1 ϫ 10 5 cells per well or 15-cm dishes at 1 ϫ 10 6 cells per dish ϳ24 h before transfection. Small interfering RNA (siRNA) pool directed against mouse HDAC1 and HDAC2 or a scrambled siRNA control (Santa Cruz Biotechnology) were transfected with Oligofectamine (Invitrogen) according to the manufacturer's recommendations. Cells were then subjected to different treatments for indicated times and either harvested for RNA extraction or assayed for ChIP as described below.
Chromatin Immunoprecipitation Assay (ChIP)-ChIP experiments were carried out according to standard protocols (Upstate Biotechnology) with a crosslinking step (1% formaldehyde at 37°C), followed by a quenching step with 125 mM glycine. Chromatin was sheared using the Bioruptor sonicator (Diagenode). Sonicated chromatin was immunoprecipitated with antibodies against GFP (Invitrogen), HDAC1 and HDAC2 (Abcam), acetylated histone H3 and H4 (Millipore), and nonspecific IgG (Vector Laboratories). Antibody-bound chromatin complexes were then captured with protein A-agarose beads, and eluted in SDS buffer. Formaldehyde crosslinking was reversed, followed by DNA purification using Phenol-Chloroform (Sigma). Eluted DNA, as well as input DNA, was quantified by quantitative polymerase chain reaction (qPCR) using primer sets specific for the MMTV-LTR nuc-B region. Primer sequences are available upon request.
Quantitative Polymerase Chain Reaction (qPCR)-RT-PCR was carried out with purified RNA isolated using Trizol (Invitrogen) following the manufacturer's instructions. cDNA was reverse transcribed using the SuperScript II system (Invitrogen). Ras, Lcn2, Suox, Fkbp5, HDAC1, HDAC2, and 36B4 mRNA expression levels were determined using the LightCycler 480 instrument (Roche) using the LightCycler 480 SYBR Green I Master mix (Roche). Standard curves were created by serial dilutions of cDNA to calculate the relative amount of the mRNAs for each sample. These values were then normalized to the relative amount of the internal standard 36B4 in the same sample. Primer sequences are available upon request.
Reporter Gene Assay-COS-7 cells were grown in 6-well culture plates to ϳ50% confluence and transiently co-transfected with luciferase reporter (MMTV-Luc), GFP-AR or GFP-GR, HDAC1 or HDAC2, and pcDNA3 expression plasmids, as indicated, to a total of 1 g of DNA per well using FuGene6 (Roche) according to the manufacturer's recommendations. After 12-15 h, medium was changed to DMEM supplemented with 0.5% charcoal-stripped serum. One day after transfection, the cells were treated with R1881, or DEX for 24 h. The cells were harvested and lysed in luciferase lysis buffer (25 mM Tris-HCl, pH 7.8, 2 mM DTT, 10% glycerol, and 1% Triton-X-100). 100 l of luciferin buffer containing 0.2 mM D-Luciferin (Anaspec) and 2 mM ATP, was added to 10 l cell extracts, and luciferase activity was determined using a multi-plate reader (Wallac Victor 2 , Perkin Elmer). Protein concentrations were determined using the Bradford protein assay, and luciferase activity was normalized to total protein concentration.
Results

HDAC Inhibitors Repress GFP-AR Transcriptional Activity at
Positive HREs-It was previously demonstrated that HDACis, such as TSA and SAHA, modulate AR transcriptional activity (14 -17) . In order to investigate the possible effect of HDACis on AR dynamics on a target promoter in living cells, we used a cell line with an integrated tandem repeat of the MMTV promoter stably expressing GFP fused to wild type AR (GFP-AR) (3108 cells) (7) . The integrated MMTV array in 3108 cells contains common HREs for steroid receptors, including GR and AR, which enables the visualization of the GFP-tagged receptors when bound to their HRE in living cells and study of their binding kinetics (4, 7) . We first checked the efficiency of the HDACis TSA and SAHA. 3108 cells were treated with TSA or SAHA and global histone acetylation was assessed at different time points. As expected, there was a significant increase in histone H3 and H4 acetylation confirming efficient HDAC inhibition by both compounds (data not shown).
We then determined GFP-AR transcriptional activity at the MMTV array in response to HDAC is by RNA FISH (Fig. 1, A  and B ). R1881 induced a significant increase in the FISH signal at the MMTV array, as expected. Both TSA and SAHA treatment significantly decreased the FISH signals showing that transcription by GFP-AR was inhibited in 3108 cells.
HDAC Inhibition Affects GFP-AR Mobility at HREs in Living Cells-We next performed FRAP experiments to assess possible changes in GFP-AR mobility in response to HDACis in single cells. Since transcription was inhibited, consistent with previous findings reviewed above, including ours (7) , we predicted that the t 1/2 will decrease (i.e. weaker interactions with the HREs). 3108 cells were treated with R1881 alone or R1881ϩ TSA for increased time, and FRAP was used to determine GFP-AR mobility on the MMTV array. Surprisingly, there was a significant delay of GFP-AR recovery at the MMTV array already after 45 min of TSA pre-treatment compared with R1881 alone indicating a significant increase in t 1/2 ( Fig. 2A) . The effect was time-dependent with longer TSA-treatments resulting in slower GFP-AR recovery leading to an ϳ6-fold increase in t 1/2 by 18 h. This effect was also dose-dependent (data not shown). Similar results were obtained when SAHA was used ( Fig. 2B ). These results show that HDACis increase the GFP-AR t 1/2 at HREs in living cells.
We have previously shown that antagonist-bound AR was ϳ10-fold more mobile (decreased t 1/2 ) at the MMTV array compared with an agonist-bound AR and that this correlated with decreased transcriptional activation (7) . We therefore examined whether the nature of AR-bound ligand influences the AR dynamics in response to HDACis. When GFP-AR was bound to the antagonist hydroxyflutamide (OHF), TSA did not affect AR mobility ( Fig. 2C) indicating that agonist-bound AR is required for HDACi-induced effects on chromatin. Taken together, these data demonstrate that HDAC inhibition increases the residence time of AR on its target promoter in living cells. This effect is time-and dose-dependent and is restricted to agonist-bound, transcriptionally active AR. Since HDACis inhibit AR transcriptional activity at the MMTV promoter ( Fig. 1 ), these data demonstrate that an increase in GFP-AR t 1/2 , in contrast to current models, does not correlate with increased transcriptional activity.
HDAC Inhibitors Do Not Affect GFP-GR Mobility at HREs in Living Cells-GFP-GR binds to and activates transcription from the same HREs within the MMTV array as GFP-AR (4, 7, 18) . The unexpected results that are summarized above for GFP-AR prompted us to examine if these findings may also apply to GFP-GR. To that end, we used the 3617 cell line containing the same tandem repeat of the MMTV array in 3108 cells, but which stably expresses GFP-GR instead of GFP-AR (4). Treatment of 3617 cells with TSA or SAHA resulted in increased levels of acetylated H3 or H4, similar to that observed in 3108 cells (data not shown). We next used RNA FISH to examine possible effects of HDAC inhibition on GFP-GR transcriptional activity at the MMTV array. Consistent with previous studies (e.g. Ref. 19 ), hormone-dependent GFP-GR-mediated transcription of MMTV was significantly reduced in the presence of TSA (Fig. 3, A and B) .
We then performed FRAP experiments on the MMTV array in 3617 cells. Surprisingly, in contrast to GFP-AR, t 1/2 of GFP-GR was not significantly affected by TSA or SAHA (Fig.  3C ). These data demonstrate that HDACis affect t 1/2 of GFP-GR and GFP-AR at the MMTV HREs differently, even though the two receptors are closely related structurally, bind exactly the same HREs, and regulate expression of the same gene.
Changes in Binding Site Occupancy of GFP-AR and GFP-GR at HREs in Response to HDAC Inhibition-In trying to reconcile the FRAP data with those obtained by ChIP, it is expected that changes either in the frequency or duration of the TF exchange with chromatin would be reflected as changes in ChIP (1). Thus, an increase in t 1/2 of GFP-AR in the FRAP experiments should give rise to an increased stable binding detected by ChIP, which should in turn result in activation of transcription. To assess if this is the case, we performed ChIP experiments in 3108 cells. As shown in Fig. 4A (right panel) , there was a robust increase in the ChIP signal in response to R1881 which was increased further in the presence of TSA or SAHA. These data show that, as expected, under conditions where there is significantly increased t 1/2 of GFP-AR at the MMTV array, there is a corresponding increase in GFP-AR ChIP signals (compare Fig.   FIGURE 2 . Reduced mobility of agonist-bound wild type GFP-AR in response to HDACis. 3108 cells were pre-treated with TSA (A and C) or SAHA (B) for the indicated time periods, and then treated with R1881 (A and B) or OHF (C) for 1 h. GFP-AR on the MMTV array was bleached by a brief laser pulse, and fluorescence recovery in the bleached area was followed by live cell imaging. Recovery curves were generated and are presented as the average of at least 25 cells from three different experiments, with error bars representing standard error. t 1/2 was calculated for each case, and the average Ϯ standard error for each condition is presented in the tables next to the figures. Fig. 4A, right panel) . However, parallel qPCR analysis showed that, similar to the FISH results ( Fig. 1) , HDAC is significantly inhibited R1881-induced MMTV transcription by GFP-AR ( Fig. 4A, left panel) . In summary, contrary to current models, the outcome of increased t 1/2 of GFP-AR at the MMTV array and corresponding increase in GFP-AR ChIP signals at the HRE is transcriptional repression.
2, A and B with
Next, we performed parallel ChIP and qPCR experiments with GFP-GR in 3617 cells. Since there was no significant change in t 1/2 for GFP-GR ( Fig. 3C) , ChIP signal and corresponding transcription was not expected to change in the presence of HDACis. As shown in Fig. 4B (right panel) , there was a strong increase in the ChIP signal upon DEX treatment, which decreased by ϳ60 -70% in response to TSA or SAHA. These data show that, t 1/2 of GFP-GR is not reflected in ChIP signals. Consistent with the FISH data ( Fig. 3, A and B) , DEX-induced GFP-GR transcription was significantly inhibited by HDACis ( Fig. 4B, left panel) . Therefore, for the GFP-GR, in contrast to GFP-AR, HDACis did not affect t 1/2 of GFP-GR, but the correlation between transcriptional outcome and ChIP signal was maintained. Taken together, these data show that HDACis differentially affect GFP-AR and GFP-GR dynamics at the MMTV array, but still result in repression of transcription in both cases.
HDAC Inhibitors Differentially Affect Receptor Activity at HREs of Single Copy Genes-To assess the possible validity of these findings for endogenous, single copy genes, we examined a sample of genes that are directly regulated by both GFP-AR and GFP-GR in parallel gene expression profiling experiments (20) . We picked three of these genes for which the HREs were identified in this cell background (20) and determined their response to HDACis. The genes examined were lipocalin 2 (Lcn2), sulfite oxidase (Suox), and FK506-binding protein 5 (Fkbp5). We assessed the effects of HDACis on both GFP-ARand GFP-GR-mediated transcriptional activity using qPCR, as well as their binding to HREs by ChIP. As shown in Fig. 5 (left panels), Lcn2 and Suox expression were induced in response to HDACis and R1881, while the expression of Fkbp5 was inhibited. Despite this variable outcome for transcription, the ChIP signals of GFP-AR, for all three genes, were significantly increased in response to HDAC inhibition, similar to that at the MMTV HRE. Thus, whereas for Lcn2 and Suox characteristics of GFP-AR activity and chromatin association follow current models (increased binding and increased transcription), Fkbp5 displays a profile that is similar to that observed at the MMTV promoter (increased binding and decreased transcription). These data demonstrate that uncoupling of transcriptional activation and chromatin association is not specific to the MMTV array, but can also occur in single copy endogenous genes.
Similar analysis was performed in 3617 cells with GFP-GR and the same endogenous genes (Fig. 5, right panels) . For all genes, there was a significant decrease in expression accompanied by a significant decrease in GFP-GR binding at the corresponding HREs, consistent with the current models. Taken together, these data show that, similar to the MMTV promoter, HDACis can exert diametrically opposite effects on the binding and transcriptional activity of two closely related steroid receptors at HREs of single copy genes.
We then determined whether TSA or SAHA affect RNA Polymerase II (Pol II) recruitment to the MMTV reporter and the endogenous genes. There are several steps at which Pol II can be regulated (for a review, see Refs. 21 and 22) . Two of the most important steps in this regard are initiation and elongation, which are achieved by Ser-5 and Ser-2 phosphorylation, respectively, of the C-terminal domain (CTD) of Pol II. Using ChIP, we assessed possible changes in the loading of Ser-5-and Ser-2-modified Pol II to the MMTV array and endogenous target genes in response to HDACis. For Lcn2 and Suox whose expression increased in response to HDACis, there was an increase in Ser-5-and Ser-2-phosphorylated Pol II loading. Conversely, for MMTV and Fkbp5 that are inhibited by HDA-Cis, there was a decrease in Ser-5-and Ser-2-phosphorylated Pol II loading (data not shown). These data suggest that the differential transcriptional effects of HDACis for the different genes tested are not due to direct effects on RNA-Pol II elongation step, but are related to events prior to the assembly of the transcriptional initiation complex.
Differential Role of HDACs on Transcription Mediated by GFP-AR and GFP-GR-Inhibition of transcription and differential effects on GFP-AR compared with GFP-GR at the MMTV HREs could be mediated, at least in part, by differential utilization of cofactors by the two receptors. As the name suggests, the primary targets of HDACis are HDACs. Interestingly, previous work has implicated various HDACs in regulating AR and GR activity (e.g. Refs. 17, 23, and 24). In particular, HDAC1 and HDAC2 have been shown to function as coactivators for GR at the MMTV HREs (25, 26) , while HDAC1 was suggested to work as a corepressor for AR at the prostate-specific antigen (PSA) promoter (16) .
To evaluate possible ligand-dependent association of HDAC1 and HDAC2 at the MMTV HREs, we used CHIP. In 3108 cells in response to R1881, there was a significant decrease in HDAC2 binding to the MMTV HREs suggesting that it may act as a corepressor for AR ( Fig. 6A) . In contrast, R1881 did not affect HDAC1 recruitment to MMTV. Similar results were obtained for the single copy genes Lcn2, Suox, and Fkbp5. In contrast, in 3617 cells there was a significant increase in recruitment of HDAC1 to the MMTV array in response to DEX, but not for HDAC2 ( Fig. 6B ). For the Lcn2, Suox, and Fkbp5 HREs, similar to MMTV, there was a significant increase in HDAC1 loading in response to DEX, whereas HDAC2 loading increased for Fkbp5, slightly increased for Lcn2, and modestly decreased for Suox HREs. These data show that association profiles of HDACs-1 and -2 at the same HREs are different for GFP-AR compared with GFP-GR suggesting that they differentially affect the two receptors.
We next determined the effects of HDAC1 or HDAC2 on GFP-AR or GFP-GR transcriptional activity at the MMTV promoter, using a reporter assay. A MMTV luciferase reporter construct (MMTV-Luc) was transfected into COS-7 cells in the presence of either GFP-AR or GFP-GR, and expression vectors for HDAC1 or HDAC2. Cells were either left untreated or treated with R1881 or DEX for 24 h, harvested and luciferase activity was determined. As shown in Fig. 6C , in the presence of HDAC1 or HDAC2, there was a significant decrease in R1881induced MMTV-Luc activation. In contrast, DEX-induced MMTV-Luc activity was significantly increased in the presence of HDAC1, but was not affected by HDAC2 (Fig. 6D) . These data are consistent with the findings from above (Fig. 6, A and  B) and suggest that HDAC1 and HDAC2 differentially serve as cofactors for AR and GR at the MMTV promoter.
To explore this further, we used siRNAs against HDAC1 or HDAC2 in 3108 and 3617 cells and assessed GFP-AR and GFP-GR binding activity and corresponding transcription at the MMTV array. Interestingly, upon efficient knockdown of HDAC1 mRNA, there was an increase in HDAC2 mRNA expression and vice versa, albeit to a varying extent, suggesting that compensatory mechanisms are at play when HDAC expression is manipulated (data not shown). HDAC1 or HDAC2 depletion increased MMTV expression by GFP-AR as well as its HRE binding assessed by ChIP. These data show that both HDAC1 and HDAC2 act as corepressors for AR, at least in part, by inhibiting AR occupancy at the MMTV HREs (data not shown). In contrast to GFP-AR, HDAC1, but not HDAC2 depletion resulted in a significant decrease in MMTV expression by GFP-GR (data not shown). This is consistent with previous findings suggesting that HDAC1 serves as a coactivator for GR (26) . Interestingly, GFP-GR binding at the MMTV HREs was significantly increased upon HDAC2 knockdown, but not that of HDAC1, suggesting that HDAC2 facilitates GR binding to MMTV HRE. These data provide another line of evidence for the differential cofactor role of HDACs for GFP-AR and GFP-GR. MAY 27, 2016 • VOLUME 291 • NUMBER 22
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Dual Inhibition of HDAC1 and HDAC2 Expression Differentially Affect GFP-AR and GFP-GR Activity and Recapitulates
Effects of HDACis-Since we observed compensatory increases in HDAC1 or HDAC2 mRNA levels when the expression of one was inhibited, we used siRNAs to simultaneously target both HDAC1 and HDAC2. Levels of HDAC1 and HDAC2 mRNA expression decreased by more than 80% in both cell lines in response to double siRNA knock-down (data not shown). We then determined the consequence of dual HDAC1 and HDAC2 knockdown on GFP-AR and GFP-GR association with the MMTV HREs and the transcriptional outcome. In contrast to selective knockdown of HDAC1 or HDAC2, dual depletion of the two HDACs significantly decreased both GFP-AR-and GFP-GR-mediated MMTV transcription (Fig. 7) . In parallel, dual HDAC knockdown increased GFP-AR, but decreased GFP-GR binding at the MMTV HREs in ChIP experiments. These results recapitulated the effect of HDACis TSA and SAHA on MMTV expression by both GFP-AR and GFP-GR suggesting that the divergent effects of HDACis on steroid receptor activity at the MMTV HREs are mediated through HDACs -1 and -2.
Next, we also explored GFP-AR and GFP-GR binding activity and corresponding target gene expression of selected endoge-nous single copy genes in response to dual HDAC1/2 knockdown. As shown in Fig. 7 (left panels) , dual HDAC1/2 depletion increased expression of all studied genes by GFP-AR. Under these conditions, there was a significant increase in GFP-AR loading to Lcn2 and Fkbp5 HREs, whereas the loading to Suox HRE was decreased. Since dual inhibition of HDACs recaptured the effect of HDACis only for MMTV and Lcn2, there may be other HDACs, or additional HDACi targets, which are important in regulating GFP-AR activity on Suox and Fkbp5, depending on the promoter context. In contrast to GFP-AR, dual HDAC1/2 knockdown resulted in significant decrease in GFP-GR binding as well as a decrease in GFP-GR-mediated expression of all tested genes (Fig. 7, right panels) . Altogether, these results demonstrate that there are distinct differences in the way HDAC1 and HDAC2 affect GFP-AR compared with GFP-GR-mediated transcription.
Since the most widely studied direct targets of HDACs are histones, we evaluated if HDAC1 and HDAC2 regulate GFP-AR and GFP-GR binding or transcriptional activity through changes in acetylation state of histones. We thus determined possible changes in histone H3 and H4 acetylation in the presence and absence of both HDAC1 and HDAC2 by ChIP (Fig. 8) . Upon R1881 induction there was a decrease in basal acetylation levels of both histones H3 and H4 for MMTV and all genes tested in GFP-AR cells, with the exception of Suox which was slightly increased (Fig. 8, left panels) . In addition, dual HDAC1/2 knockdown did not significantly change this decrease in H3 and H4 acetylation, demonstrating that HDAC1 and HDAC2 are not involved in AR-induced histone deacetylation. The picture was quite different in GFP-GR cells. Similar to R1881, DEX stimulation decreased histone H3 and H4 acetylation for all tested genes (Fig. 8, right panels) . However, in response to dual HDAC1/2 knockdown, histone acetylation markedly increased in all cases, indicating that HDAC1 and/or HDAC2 are responsible for histone acetylation upon GR activation. These data suggest that, there is no link between histone acetylation, GFP-AR binding and GFP-AR transcriptional activity. Conversely, HDAC1-and HDAC2mediated histone deacetylation accompanies GFP-GR activation of target promoters.
Discussion
One of the central tenets in regulation of transcription is that the duration and strength of TF association at a RE is directly correlated to the magnitude of the transcriptional response.
Thus, ChIP data are routinely used to document physical association of a TF with a target gene and the changes therein are used to assess the transcriptional outcome (e.g. Refs. 1, 2, and 27). Here we have presented data which show that this scheme does not always hold. For HREs of the MMTV promoter, under conditions where GFP-AR binding is significantly increased, measured by ChIP, transcription is inhibited. This suggests that there are promoter specific determinants of TF association and the transcriptional outcome. We have also presented data, which show that the activity and binding kinetics of two closely related hormone receptors at the same HREs can be completely different. These data are summarized in Fig. 9 .
FRAP versus ChIP-The starting point of our analysis was to compare the dynamics of GFP-AR and GFP-GR interactions with the same HREs in chromatin in living cells. There has been a significant debate as to how one can reconcile the rapid exchange of TFs with chromatin, studied in single living cells with FRAP, and the longer term interactions which are detected in cell populations using ChIP (for reviews, see Refs. 1 and 28). Two potential explanations have emerged: First, it is possible that the residence time of the TF on its target RE, normally MAY 27, 2016 • VOLUME 291 • NUMBER 22
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in the order of seconds, increases during transcriptional activation such that the TF can be more easily 'captured' during the crosslinking step in the ChIP protocol. Second, although the residence time of the TF on chromatin does not significantly change, the frequency of interactions with the chromatin template, induced by modifications to the template and/or the TF, may be increased. This would give rise to an increase in the local concentration of bound TFs at any moment, which will then result in an increased ChIP signal.
We have found that HDACis significantly increased the t 1/2 of GFP-AR at the MMTV array ( Fig. 2A) , which resulted in a significant enhancement of the ChIP signals ( Fig. 4A, right  panel) , thus providing direct evidence for the first model. However, at the same HRE, HDACis did not affect the t 1/2 of GFP-GR, but nevertheless resulted in a significant decrease in the ChIP signals. These findings suggest that, at least in some cases, the association of a TF with chromatin, measured by ChIP, may not reflect changes in the TF mobility with its RE. Changes to the chromatin template or the transcription initiation complex may affect the frequency of TF-chromatin interactions and thus may be at the basis for this observation. Further work on other HREs in tandem arrays where both FRAP and ChIP analyses can be carried out is required to obtain additional insight into these observations. In addition, there have been recent advances in experimental and modeling possibilities to observe single-molecule TF binding events (29) and single gene transcription units (30) in living cells; these can be applied in the future for better understanding of GFP-AR and GFP-GR transcription dynamics.
GFP-AR versus GFP-GR: Differential Transcriptional Response to HDACis at the Same HRE-The differential effects of HDACis in t 1/2 and ChIP signals of GFP-AR and GFP-GR prompted us to assess the corresponding changes in transcription. Contrary to expectations, we found that under conditions where GFP-AR t 1/2 and binding to the MMTV was increased, there was a significant decrease in transcription. In contrast, the GFP-GR response to HDACis at the MMTV was as expected from the classical view of TF action: there was significant inhibition of GFP-GR-mediated transcription with a concomitant decrease in GFP-GR ChIP signals. When single copy genes that are common targets for both GFP-AR and GFP-GR were studied, similar results were obtained for Fkbp5. For Lcn2 and Suox, whereas the same picture was obtained for GFP-GR, HDACi treatment significantly activated GFP-AR-mediated transcription, concurrently increasing GFP-AR ChIP signals at the corresponding HREs. In addition, the observed effect of HDACis on GFP-AR-and GFP-GR-mediated transcriptional activity at the MMTV and endogenous target genes was accompanied by loading of Pol II phosphorylated at Ser-5 and Ser-2. For example, for Lcn2 and Suox whose expression increased in response to HDACis, there was an increase in Ser-5 and Ser-2 phosphorylated Pol II; conversely, decreased expression of Fkbp5 was accompanied by a decrease in Pol II binding. These data clearly demarcate the normally assumed relationship between binding site occupancy and transcription, and suggest that in certain cases additional mechanisms may be at play. For example, it is possible that a stimulus can increase the affinity of a TF for its RE, but may give rise to a conformational change in the TF such that it no longer fruitfully interacts with its cofactors and the transcriptional initiation complex and thus transcription is inhibited. Another possibility is that under similar conditions changes to the chromatin template render the TF inactive even though it remains bound to its RE. Future studies are required to assess these and other possibilities.
HDAC1 and/or HDAC2: Conduits for Differential Transcriptional Response to HDACis-Two of the possible targets of HDACis relevant to our experiments are GFP-AR and coregulators such as HDACs. AR has been shown to be acetylated which can differentially affect its transcriptional properties depending on the promoter (31, 32) . However, a mutant AR that cannot be acetylated efficiently activated transcription from the MMTV promoter (31) suggesting that GFP-AR is not the target of HDACis that we observed here. Of the HDACs, we focused on HDAC1 and HDAC2 that have been most widely studied before and were previously found to function as coactivators for GR (25, 33) . HDAC1 and HDAC2 are associated with the MMTV promoter in the absence of ligand and determine the activity of the promoter, possibly through regulating histone acetylation and blocking the access to TF binding sites. During AR-mediated transcription, the level of HDAC2 occupancy at the MMTV HRE was decreased while HDAC1 association did not significantly change. The same effect was observed at the HREs of endogenous genes, suggesting that HDAC2 functions as a corepressor for AR. Inhibitory function of HDAC1 and HDAC2 on GFP-AR binding to MMTV and transcription activation was further confirmed by knockdown and reporter assay studies. In contrast, we found that the association of HDAC1 with the MMTV HRE was increased in response to GR-mediated transcription, consistent with the previously documented role of HDAC1 as a coactivator for GFP-GR (25, 33) . The coactivator function of HDAC1 for GR was also confirmed on single copy endogenous genes. We did not observe a coactivator role of HDAC2 for GR that was previously reported in mouse NIH3T3 cells with the same MMTV reporter (25) suggesting that there may be cell type determinants for HDAC2 effects on GFP-GR.
These data suggest that HDACs may have independent roles in regulating both HRE binding and transactivation properties of GFP-AR and GFP-GR. Since HDAC1 and HDAC2 differentially affect GFP-AR compared with GFP-GR and their activity is inhibited by HDACis, HDAC1 and/or HDAC2 knockdown should at least in part recapitulate HDACis effects we observed at the MMTV HREs. This was in fact the case: whereas single HDAC1/2 depletion resulted in mixed results, possibly due to compensatory mechanisms, dual HDAC1/2 knockdown qualitatively recapitulated outcome of HDACis for all genes regulated by GFP-GR, as well as for MMTV and Lcn2 in the case of GFP-AR (Figs. 4, 5, and 7, or Fig. 9 ). These results have mechanistic implications. First, these data clearly suggest that HDAC1 and HDAC2 serve as cofactors for GFP-AR and GFP-GR. Second, this indicates that other factors, which differentially interact with HDAC1 and HDAC2 (or their downstream targets) may be involved in regulating GFP-AR and GFP-GR binding kinetics and activity.
One of the well-established functions of HDACs is the removal of acetyl groups from both histone and non-histone proteins that result in positive or negative regulation of transcription (for a review, see Refs. 34 and 35) . Thus, we also evaluated the effects of dual HDAC1/2 depletion on histone acetylation by ChIP, to check if the acetylation of histones H3 and H4 can be related to receptor binding and/or transcriptional activity. We found that both histone H3 and H4 acetylation levels were significantly increased by dual HDAC1/2 knockdown upon GFP-GR activation ( Figs. 8 and 9 ). However, increased histone acetylation did not correlate with GR-mediated decrease in transcriptional activity. This could be due to depletion of HDAC1 that serves as a coactivator for GR; alternatively, mechanisms involving other factors may be responsible for these observations. In contrast to findings in GFP-GR cells, there was no significant change in the acetylation status of histones H3 or H4 upon dual HDAC1/2 knockdown in the presence of androgen for all genes studied in GFP-AR cells. This suggests that there is no direct link between histone acetylation, AR binding and AR transcriptional activity on these AR target genes. It is possible, however, that continual turnover of histone acetylation by additional HDAC(s) may be involved in regulating GFP-AR. In addition, HDAC1 and/or HDAC2 may collectively regulate deacetylation of a non-histone protein(s) that is a critical determinant in AR-mediated transcription. For example, recently identified cofactors for AR, such as lysine demethylase, KDM4B, cell cycle and apoptosis regulator 1 (CCAR1), and the hairy/enhancer-of-split-related with YRPW-like motif (HEY) family of proteins that can affect AR function may interact with, or are affected by, HDACs (36 -38) . Similarly, modifications of AR, such as histone methyltransferase SET9-mediated methylation, that have been shown to affect AR function, may be influenced by HDACs (39) . Further work on HDACs, other AR/GR associated proteins, as well as additional aspects of the HRE template in response to HDAC inhibition are required to tease out the full molecular details of these observations.
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